Modulating protein interaction pathways may lead to the cure of many diseases. Known protein-protein inhibitors bind to large pockets on the protein-protein interface. Such large pockets are detected also in the protein-protein complexes without known inhibitors, making such complexes potentially druggable. The inhibitor-binding site is primary defined by the side chains that form the largest pocket in the protein-bound conformation. Low-resolution ligand docking shows that the success rate for the protein-bound conformation is close to the one for the ligand-bound conformation, and significantly higher than for the apo conformation. The conformational change on the protein interface upon binding to the other protein results in a pocket employed by the ligand when it binds to that interface. This proof-of-concept study suggests that rather than using computational pocket-opening procedures, one can opt for an experimentally determined structure of the target co-crystallized protein-protein complex as a starting point for drug design.
Introduction
Most biological functions in a cell are mediated through protein-protein interactions (PPI). Modulating PPI pathways may lead to the cure of many diseases such as cancer. For example, a novel drug Venetoclax, the inhibitor of antiapoptotic protein Bcl-2, recently was approved by the FDA to treat refractory chronic lymphocytic leukemia [1] . In addition, a number of drugs undergo stage III of clinical trials and show promise to increase the survival rate of various aggressive cancers [2] . The estimated size of human interactome is 300,000-650,000 PPIs [3, 4] . Consequently, the number of potential PPI targets far surpasses the number of "classical" druggable targets (enzymes, receptors, transporters, etc.) in the human cell [5] . However, despite the large numbers of potential targets and their importance, there are only ~ 30 examples of PPIs that were successfully disturbed by competitive small inhibitor and less than a dozen of small ligands that reached the late stages of clinical trials [2, [5] [6] [7] .
The two approaches to disturb the PPI are allosteric and competitive inhibition. The allosteric inhibition is binding of a small ligand away from the interface. The binding leads to conformational changes at the interface, thus disturbing complementarity of the protein partners. Predicting propagation of conformational change to the protein interface from a distant ligand-binding site is problematic [8, 9] . Currently, the competitive inhibition of PPI appears to be a more straightforward approach to the drug design, since it (a) does not require modeling of the global conformational change, and (b) reduces the search for the ligand binding site from the whole surface to the interface or even to small patches of the interface [9] [10] [11] [12] [13] [14] .
Rational drug design tools and small molecule libraries were developed for enzymes, transporters, ion channels and receptors-proteins that evolved to have a pocket matching a particular substrate or signaling molecule [15] [16] [17] . Generally, protein interfaces are large (1200-2000 Å 2 ) [18, 19] , without well-defined pockets, which make them difficult for the design of inhibitors.
Studies showed that a small molecule inhibitor mimics most important interaction fragments on the protein-protein interface [10] . To block the PPI, the inhibitor must bind to the hot spot residues that have the largest energetic contribution to the binding affinity (≥ 2 kcal/mol) [10] [11] [12] . Another important criterion for inhibition is the presence of a well-defined pocket in the proximity of the hot spot that could accommodate the small non-peptidic ligand (volume > 300 Å 3 ) [20] [21] [22] . These pockets are supposed to be closed in the protein's unbound conformation [20] [21] [22] .
It was observed that these pockets are opened by conformational change in the side chains and minor movement of the backbone [C α root mean square deviation (RMSD) between unbound and ligand-bound conformation ~ 2.7 Å]. This led to a conclusion that these pockets could be present in the ensemble of the unbound low energy conformations. It was shown that the pockets open spontaneously during molecular dynamics simulation, although with low probability [20, 23] . This method of pocket opening requires significant computational time for the 6 ns simulation to yield an ensemble of 1000 snapshots [21] . To accelerate the computation, a biased simulation could be performed. However, it requires the knowledge of the hot spot residues [22] .
Ligand-receptor docking is an essential tool in the design of PPI inhibitors [24] . The low-resolution approaches showed that, similarly to the protein-protein docking [25] , ligand docking can be successfully applied to the low-resolution/modeled structures of the protein receptors [26] [27] [28] .
A serious difficulty in studying PPI inhibitors is a very limited set of solved structures of interfaces in protein-bound and ligand-bound conformation. Currently, there are only 27 protein interfaces solved crystallographically in both protein-bound and ligand-bound conformations [7] . Inspired by work of Koes and Camacho [12] , we assumed that the current PDB should contain many more PPI inhibitors that were not included in the list because of the lack of medical use. Still, the physical basis of the medically irrelevant protein-ligand complexes should be the same as that of the complexes with known PPI inhibitors. Thus, accounting for such complexes would increase the statistical significance of the structure set.
A recent study showed that a protein-bound conformation is generally closer to the ligand-bound conformation than to the unbound one [29] . In our study, we generated an expanded set of protein-ligand complexes, where the proteins are co-crystallized both with another protein and with the ligand at the protein-protein interface. We showed that the inhibitor site significantly overlaps with the largest pocket in the protein-bound conformation. We determined that such large pockets also exist in the protein-protein complexes in a generic set built with no regard to PPI inhibition, making such complexes potentially druggable. The results showed that the transition from protein-bound to ligandbound conformation is small enough for the low-resolution docking to have similar success rate for both. This proof-ofconcept study shows that the protein-bound conformation is almost as good as the ligand-bound one as a starting point for drug design.
Methods

Structural and sequence alignment
Structural alignment of whole proteins was performed by TM-align [30] . Minimizing RMSD for the superposition of interface and pocket atoms was done by Newton-Raphson quaternion-based method suggested by Liu et al. [31] . Sequence alignment was performed by BLAST [32] with BLOSUM-62 substitution matrix and the gap penalty 10.
Docking
Protein-ligand modeling was by rigid-body docking, based on the systematic search for geometric complementarity by correlation using Fast Fourier Transform (FFT), implemented in the GRAMM software [33, 34] . GRAMM was used at low resolution, with translational grid step 3.5 Å and angular interval 10°, which are the optimal parameters for the GRAMM docking of unbound proteins. Docking matches were restricted to those having ligand in contact with the protein-protein interface residues (defined as those with any heavy atom within 6.0 Å from any heavy atom of the other protein 
Pocket volume calculation
Protein-bound pockets ("lead pockets," according to the paradigm of this study) and ligand-bound pockets are similar enough for the lower-resolution rigid-body ligand docking (see Results). However, the protein-bound pockets are generally more shallow than the ligand-bound ones. Thus, our pocket detection procedure was designed for the "shallow lead pocket" search.
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To characterize cavities on the protein surface, we implemented grid-based algorithm [35] . The protein is projected on a rectangular grid with 0.5 Å step. Each point of the grid is marked as protein or solvent, depending on the distance to the center of the closest atom. If the distance is > 3.0 Å (solvent accessible radius of a carbon atom) then the point is marked as solvent. All solvent points that are completely surrounded by protein are marked as protein. At the next step, we marked protein points as surface if they are adjacent to the solvent point. To check if the surface points encompass the solvent points, rays were casted from each surface point of the grid in 26 grid-based directions (vertices of a single-step cubic grid around the point). A solvent point was marked as a cavity if the surface points in at least three directions enclosed it.
To remove the shallow cavities and the procedure artifacts, we removed all cavity points within 1 Å from the solvent points. The grid was converted to a graph representation where vertices of the graph were the grid points, and two vertices were connected by an edge if they were adjacent grid points of the same type. The graph that consisted of cavity points was divided into communities by an algorithm suggested by Clauset et al. [36] . Edges that connected the resulting communities were removed. The graph splitting procedure was repeated until each connected subgraph consisted of only one community. Small subgraphs with < 80 nodes (10 Å 3 ) were removed. Each resulting subgraph was treated as a separate cluster. Points of the grid in a cluster were marked as pocket if at least one point in that cluster was within 3 Å of an interface atom. To form lead pockets, small shallow pockets were combined if the distance between them was < 2 Å. The volumes of the resulting pockets were calculated and the pocket with the largest volume was marked as a potential binding pocket. The steps of the procedure are illustrated in Supplemental Figure S1 .
Protein-ligand complexes
We designed a procedure to extract from Protein Data Bank (PDB) [37] the structures of proteins that are both co-crystallized with another protein and with a ligand at the protein-protein interface in the absence of the other protein. The method is similar to the procedure of Koes and Camacho [12] . We obtained all protein complexes, including NMR and complexes with short peptides ≤ 10 residues, from PDB. All multimeric proteins from biological assemblies and NMR structures were split into binary complexes. The interface residues were designated as those with any heavy atom within 6.0 Å from any heavy atom of the binding partner. Retaining structures with higher than 3.5 Å resolution, 30 or more residues long, and with at least six residues at the interface, resulted in 1,016,532 interfaces. To eliminate redundancy, we performed all-to-all structural alignment by TM-align. Two proteins were considered having the same interface if the TM-score between the two structures was ≥ 0.95, and the interface residues fully overlapped (C α RMSD ≤ 1.0 Å). To speed up calculation, we aligned only structures with similar sequence length (≤ 100 amino acids difference), because proteins with a larger difference in length do not achieve such high structural similarity score by the TM-align algorithm. The resulting set contained 24,131 unique interfaces. To find all interfaces occupied by non-peptidic ligands, we structurally aligned each protein from our set to all structures in PDB. The interfaces from the query structures where mapped onto similar structures in PDB (TM-score ≥ 0.9). Then we selected structures with HETATM-tagged atoms, and with no ATOM-tagged atoms, in the vicinity of the mapped residues (within 6.0 Å from any heavy atom of the mapped residues). This resulted in 2459 unique interfaces and 17,980 corresponding holo structures. Because small ligands (< 6 atoms) are common solvents and ions that most likely are artifacts of the crystallographic procedure, they were discarded from the set. It was observed that PPI inhibitors, while bound to a protein, tend to be more exposed compared to classical drugs [16] . We removed structures with ligands in deep, well-defined pockets, in which ligands are well encompassed by the protein (≤ 25% of the ligand solvent accessible area exposed), assuming that such deep pockets are enzymatic sites, which as "traditional" drug targets are outside the scope of this study. The resulting set had 788 protein-protein complexes (1194 unique interfaces). Each of these unique interfaces was co-crystallized with non-peptidic ligands (in total, 2526 such protein-ligand complexes). We further narrowed the protein-protein set to 87 complexes by eliminating ones that have residue differences in the sequence at their interfaces and the respective parts of the corresponding holo structures. This set corresponded to 194 protein holo structures co-crystallized with 107 ligands. Since we used a more recent version of PDB, and the structure, rather than sequence, similarity to extract similar interfaces, our set is larger than a similar set of Koes and Camacho (51 protein complexes [12] ).
We analyzed protein structures in a complex with known PPI inhibitors, solved in both protein-bound (bound) and ligand-bound (holo) conformation. There were only 27 such examples in 2P2I database [7] . To avoid over-representation of protein interfaces co-crystallized with more than one inhibitor, we chose structures with the most potent inhibitor. In addition, we excluded complexes with identical interfaces (≥ 95% sequence identity) and structures that have more than one interface residue mutated. That left 19 proteins, which were solved in both bound and holo states, and 14 of those solved in the unbound (apo) state.
To identify complexes in our set (87 protein-protein complexes and corresponding complexes with ligands, see above) that are similar to those with known PPI inhibitors, we analyzed the changes in geometric properties of the interfaces [RMSD, solvent accessible surface area (SASA), and volume of the pocket] upon ligand binding. The interface side chains conformations were not significantly different in the protein-bound and inhibitor-bound states. On average, the side chains that participated in forming of the binding pocket in the known inhibitors shifted by 1.4 Å RMSD. These minor shifts slightly increased solvent accessibility of the pocket residues, on average, by 4.5 Å 2 . Seven complexes from our set had bound/holo conformational differences at the interface similar to the ones in complexes with known PPI inhibitors, and were added to the set (a 30% increase).
One of the proteins from our additional set is present in the latest update of the 2P2Idb set of proteins with known PPI inhibitors (in complex with a different ligand) [7] . It involves the bromodomain module of histone acetyltransferase complex (HAC) (Fig. 1) . Acetylation of the histone lysine is a common post-translational modification performed by HAC. The bromodomain module is responsible for specific recognition of acetyl-lysine residues located on the histone tails, and thus plays an important role in regulation of gene transcription.
The resulting full set for further analysis consisted of 25 complexes-19 complexes from the 2P2I database and 6 complexes from our generated set (7 minus one that was already present in 2P2I). The results in this study were obtained for the full set, as well as just for the set of 19 complexes with known PPI inhibitors.
Pockets at protein-protein interface
Large pockets exist in bound conformations of protein-protein complexes without known inhibitors
To obtain a set of general protein-protein complexes without known PPI inhibitors (reference set), we started with the set of 4450 complexes from our previous study [38] . The set consists of binary complexes (crystallographic resolution ≤ 3.5 Å) with well-defined interface (surface area ≥ 250 Å 2 ). We eliminated complexes in which both proteins were annotated as enzyme or one of the proteins was marked as kinase/phosphatase or hydrolase (E.C. numbers 2.7. and 3). We excluded complexes where one protein encapsulated the other, because for those, the whole interface became a pocket. We also excluded complexes in which ≥ 82% of protein surface is in contact with the other protein. The 82% value was chosen because it is the maximal one in the set of complexes with known PPI inhibitors. The resulting set consisted of 1451 protein-protein complexes and 2875 interfaces (one protein can participate in more than one complex).
We compared the volume of the largest pocket at a protein-protein interface in both monomers in the proteinbound conformation in our reference set, with the one in proteins from the protein-ligand set. A well-defined pocket was present in all protein-ligand interfaces. The average volume was 543 ± 71 Å 3 in the full set of 25 complexes (19 complexes with known PPI inhibitors and 6 Fig. 1 The protein from the generated set of complexes, which is also present in the set of protein complexes with known PPI inhibitors (in complex with a different ligand). a Bromodomain in the general set cocrystallized with glycerol (4ldf). b Bromodomain cocrystallized with its known inhibitor N1D (4uit) complexes generated in this study), and 588 ± 72 Å 3 in the set of 19 complexes with known PPI inhibitors. Although the average size of the largest pocket in the reference set was smaller (152 ± 13 Å 3 ), a significant number of pockets at protein-protein interfaces in the reference set were comparable in size with the ones at the protein-protein interfaces in the set where proteins are also co-crystallized with ligands. Figure 2 shows comparison of the pocket size distribution in the protein-protein reference set and that in the set of 19 protein-protein complexes with known PPI inhibitors (the distribution in the full set of 25 protein-ligand complexes is similar). The results below show that the interface pockets on protein bound structures in the protein-ligand set are comparable with those in the holo structures. Thus, the proteins in the general protein-protein set with pockets comparable to ones in the protein-ligand set can potentially be druggable as well.
Such proteins fall into four groups, illustrated in Fig. 3: (1) Modulator proteins, common in signaling and apoptosis pathways, where the binding/unbinding of the protein controls if it can be reached by an enzyme; (2) stabilizers-chaperones ensuring correct folding of a protein or helping it pass through the membrane; (3) parts of a larger complex, e.g. exon junction complex; and (4) other. Enzyme-protein inhibitor, enzyme-substrate, and antigen-antibody complexes were excluded from this classification.
Inhibitor site overlaps with the largest pocket in the protein-bound conformation
Our analysis of the set of 19 complexes with known PPI inhibitors showed that 74% of residues in the interface largest pocket in protein-bound conformation are in contact with the ligand in the holo conformation. At the same time, 62% of the ligand-binding pocket residues in the holo conformation are from the largest pocket in the protein-bound conformation (Fig. 4) . In the full set of 25 complexes the observation was similar: 72 and 60% correspondingly. Even though protein interface typically consists of more than a dozen residues, the inhibitor-binding site is primary defined by the side chains that form the largest pocket in the proteinbound conformation (examples in Fig. 5 ).
Docking
Conformational change upon binding is the physical basis of protein function. A number of proteins have structures experimentally determined in both unbound and bound states [39, 40] . When proteins bind other proteins, the conformational changes sometimes are significant (e.g. loop movements, domain shifts), but most often are rather small, primarily involving the side chains [39] . Binding of a small ligand at the protein-protein interface typically leads to a small conformational change as well. Protein interfaces in unbound and holo states in our study were different, on average, by 2.7 Å C α RMSD, and in bound and holo states, by 1.9 Å C α RMSD. A ligand-binding pocket at the protein-protein interface, which is usually the largest at the interface, is key to ligand binding. As shown above, these pockets typically are already present in the protein-bound conformation and are structurally similar to those in the ligand-bound conformation. Although structural metrics like RMSD quantitatively capture this similarity, the ultimate test of it should come from the ligand docking. To that end, we docked the ligand in the biologically active (receptor-bound) conformation to protein-bound and ligand-bound conformations of the protein, as well as to its apo form.
It is important to emphasize, that the goal of this study was not to develop a protocol for drug design, but to determine the structural difference of the protein-bound and the ligand-bound pockets. Thus, we intentionally did not use flexible docking with sophisticated sampling/scoring but employed a rigid-body procedure with a basic steric complementarity scoring. The rigid-body docking of the biologically active ligand conformation excludes the effect of conformational sampling of the ligand, which introduces another degree of uncertainty. Thus, it allows one to pinpoint Fig. 2 The volume of the largest pocket at the protein-protein interface in the set with known PPI inhibitors versus reference proteinprotein set. The pocket at the protein-protein interface in 19 protein complexes with known PPI inhibitors (blue) is on average larger than the pocket at the protein-protein interface of the general/reference set (red). However, a significant number of protein interfaces in the reference set is comparable in size with the ones in the set with known PPI inhibitors the exact role of the protein-bound versus ligand-bound protein conformational difference.
The fitting was performed by the low-resolution FFT docking GRAMM (see "Methods"). The FFT method is dominant in protein-protein docking [41, 42] , but also has been used in other biomolecular applications, like protein-RNA docking [43] , and in a number of small ligand-receptor modeling approaches, including prediction and mapping of the ligand site [11, 44] , and protein-peptide [45] and ligand-receptor docking [33, 34, [46] [47] [48] [49] . The low resolution provides tolerance to the structural mismatches that are similar in the rigid-body docking of unbound proteins and docking of ligand co-crystallized with the protein holo structure to the protein bound structure (conformational variation of the side chains and small backbone movements). According to the low-resolution docking paradigm [25, 34] , the measure of the success was based on the position of the Fig. 3 Examples of four groups of proteins with large pockets on the interface. a Modulator proteins-3gcg is a complex of Mitochondria associated protein (MAP, green) and Cell division control protein 42 (CDC42, blue). CDC42 belongs to signaling networks that control cell division. The protein can exist in GTP-bound (active) and GDPbound (inactive) states. Guanine nucleotide exchange factor (GEF) switches CDC42 from inactive to active state. MAP mimics bindings of GEF and thus prevents CDC42 from activating [59] . b Stabilizers-2wmp is chaperone PapD (green) in complex with pilin domain of PapG adhesin (blue). PapD temporary stabilizes the structure of pilin domain of PapG before it fully assembles. PapG is present on bacterial surface and its function is to allow bacteria to bind to other cells and surfaces (in this case kidney cells). In its functional form, it must form a dimer and the pilin domain play an important role in the dimerization. To ensure that the beta strand of PapG will not bind to something else or form a non-functional complex, it is stabilized by a chaperon before its full assembly [60] . c Part of a larger complex1oo0 is Mago Nashi (green) in complex with Y14 (blue), an essential component of exon junction complex (EJC), which controls the lifespan of the spliced mRNA performing its quality control, export and degradation. Mago and Y14 are two out of eight identified EJC proteins located in the core of EJC. They are essential for the correct localization of mRNA [61] . d Other-1sb2 is a complex of Rhodocetin beta (blue) and alpha (green) subunits, a snake toxin that inhibits collagen-induced aggregation, active only in the dimer form [62] Fig. 4 Percent of residues common to the largest pockets in ligandbound and protein-bound conformations. The interface largest pocket in protein-bound conformation typically is the same pocket that participates in ligand binding. On average, 74% of side-chains of the largest pocket in the protein-bound conformation bind to the ligand in the holo conformation, and 62% of side chains that are in contact with the inhibitor in the holo conformation are present in the pocket in the protein-bound conformation ligand's center of mass. Metrics like ligand RMSD (between ligand in predicted and experimentally determined positions, with receptors superimposed) are inherently sensitive to the ligand angular orientation, which require high resolution details [50] . The ligand's center of mass provides the location of the binding site on the protein interface, which can be used as the starting point for further modeling.
The docking was performed on the following protein conformations: bound to the other protein (bound), bound to the ligand (holo) and unbound (apo). The prediction was considered correct, if the distance of the ligand's center of mass in the predicted position from the one co-crystalized with the protein (with the proteins superimposed) was < 3.5 Å (the average diameter of a carbon atom).
The docking showed that for ligands docked to holo proteins, where conformational differences should not play a role, not all complexes were predicted correctly. Such behavior is common in low-resolution docking of proteins [25] , and is not surprising in the docking of small ligands to large and relatively flat protein interfaces, where the ligands can find other locations providing low-resolution shape complementarity. Complexes shown in Fig. 6 are examples of successful docking. Figure 7 shows examples of predictions away from the experimentally determined site, due to large structural characteristics of the interface providing alternative low-resolution ligand/protein complementarity (a typical case in protein-protein docking [25] ).
The docking results on the set of 19 complexes with known PPI inhibitors ( Fig. 8 ; results on the full set of 25 complexes were similar) showed that the success rate of ligand docking to the protein-bound conformation is close to the one for the docking to the ligand-bound conformation. Both are significantly higher than the success rate for the protein apo conformation. This supports the observation of the interface pocket similarity in protein-bound and holo states, from the ligand docking perspective. The conformational change on the protein interface upon binding to the other protein results in a pocket that is the one used by the ligand when it binds to that interface. The results suggest that the protein-bound conformation of the receptor is a significantly better starting point for drug design than the apo structure. One consequence of this study is that a common notion of "opening pockets" on the protein-protein interface for binding of a ligand, and the corresponding procedures developed for that purpose [20, 21, 51] , actually may not be needed when the protein-protein co-crystallized structure of the target is available. Computational opening of a pocket has significant accuracy limitations, inherent to such a challenging modeling task. Thus, an experimentally determined structure that has that pocket in a conformation close to the actual opened one in the holo structure may be a preferred option.
Overall, the number of protein-protein complexes in PDB is comparable to the number of monomers. For about half of the monomers, a homologous structure exists in the protein-protein complex as well ( Figure S2 ). For the entire genomes of model organisms such as Escherichia coli or yeast, PDB offers homology modeling templates for a significant part of soluble proteins [52] . Comparative docking templates can be found for protein-protein complexes representing almost all known PPI, provided the components themselves have an experimentally-determined structure or can be homology-built [53] . Thus, the structural characterization of PPI, which can be used as a starting point for PPI inhibition, is quite significant.
A number of proteins interact with different protein partners at the same interface [54] [55] [56] [57] . This poses an intriguing question of selectively inhibiting some of such binding proteins, while permitting binding of the others. Given tight structural packing of the protein-protein interfaces [58] , the selective inhibition of PPI, in principle, may be feasible if the different protein binders had significantly different pockets at the same interface. We will investigate this issue in the future study.
Conclusion
The ability to inhibit PPI is important for curing diseases. An expanded set of protein-ligand complexes was generated, with proteins co-crystallized with another protein and with the ligand at the protein-protein interface. Known PPI inhibitors bind to large pockets on the protein-protein interface. We detected such large pockets also in the protein-protein complexes in a generic protein-protein set without known inhibitors, making such complexes potentially druggable. In proteins from the protein-protein complexes also co-crystallized with PPI inhibitors, even though the protein-protein interface consists of more than a dozen residues, the inhibitor-binding site is primary defined by the side chains that form the largest pocket in the protein-bound conformation. Low-resolution docking was performed on the ligand-receptor set showing that the success rate for the protein-bound conformation is close to the one for the ligand-bound conformation (and far better than for the apo conformation). The conformational change on the protein interface upon domain of XIAP protein (X-inked inhibitor of Apoptosis) bound to its inhibitor (1tft). Top predictions are spread over the elongated groove on the XIAP-caspase 9 interface, which connects to a deep pocket away from the inhibitor site binding to the other protein results in a pocket used by the ligand when it binds to that interface. Our proof-of-concept study suggests that rather than performing a challenging modeling task of pocket-opening, one can opt for an experimentally determined structure of the target co-crystallized protein-protein complex as a starting point for druggability assessment and design of inhibitors.
